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EMERGENCY  LANDINGS  FROM  LOW  ALTITUDES— MINIMUM 
ALTITUDE  REQUIRED  TO  TURN  BACK  INTO  FIELD  IN 
CASE  OF  ENGINE  FAILURE  AFTER  TAKE-OFF. 


OBJECT  OF  INVESTIGATION. 

An  examination  of  records  of  accidents  discloses  the  fact 
that  a  large  percentage  is  due  to  the  efforts  of  the  pilot  to 
turn  back  into  the  field  when  his  engine  fails  on  the  take¬ 
off,  without  sufficient  altitude  to  complete  the  turn.  For 
each  airplane  there  is  a  minimum  altitude  below  which  a 
complete  180°  turn  can  not  be  made.  The  object  of  this 
investigation  is  to  determine  this  altitude  for  various  types. 


SUMMARY  OF  RESULTS. 

Table  1. — Minimum  altitudes  for  various  types. 


Type. 

Total  Minimum 
weight.1 1  altitude. 

Most 

efficient 

airspeed. 

Best 
angle  of 
bauk. 

Radius 
of  turn. 

Pou  nds. 

1  Feet. 

Af.  P.  IT. 

Feel. 

I>  11 — 4 . 

4.297 

340 

75 

45° 

3-S0 

SK-'i 

2,  05S 
2,  200 

;  270 

70 

45° 

330 

Curtiss  JN4-H . 

2:10 

GO 

45° 

240 

Thouias-Morse  M  B-3 

2,  .vis 

400 

7H 

45° 

400 

XBl-A . 

3, 079 

300 

73 

45° 

300 

1  Full  military  lotul  used  in  each  cose.  If  airplane  is  ftown  without 
full  load,  the  altitude  loss  will  l»e  proportionately  less. 


the  airplane  coefficients.  Then  the  altitude  lost  was 
measured  in  actual  flight. 

Table  1  gives  only  altitudes  which  have  been  checked 
in  flight.  The  agreement  between  the  measured  and 
computed  values,  however,  is  so  close  that  estimates  may 
be  made  for  other  types  by  means  of  the  chart  on  the  last 
page  of  this  report.  There  was  a  discrepancy  in  the  case 
of  the  Thomas-Morse,  the  computed  value  being  almost 
19  per  cent  lower  than  the  measured  value.  In  all  other 
cases  the  check  was  well  within  the  limit  of  error  in 
instrument  readings.  A  more  complete  discussion  of  the 
method  of  computation  is  given  below. 

MATHEMATICAL  APPENDIX. 

SYMBOLS  USED. 

II  =  Altitude  lost  in  180°  turn. 

V  =  Forward  velocity  of  airplane  in  feet  per  second. 

Vd  =  Vertical  component  of  forward  velocity  in  feet 
per  second. 

Vh  =  Horizontal  component  of  forward  velocity  in  feet 
per  second. 


The  altitude  given  for  each  type  should  be  taken  as  an 
absolute  minimum  for  a  complete  turn  of  180°,  and  can 
only  be  obtained  by  following  fairly  closely  the  air  speeds 
and  angles  of  bank  which  are  recommended.  Both  theory 
and  experiment  point  to  the  fact  that  a  reasonable  devia¬ 
tion  from  these  conditions  does  not  greatly  increase  the 
loss  in  altitude,  and,  with  average  piloting,  an  airplane 
can  be  turned  back  with  safety  at  the  altitudes  shown  in 
the  table.  On  the  other  hand,  even  with  exceptional 
piloting,  these  altitudes  can  not  be  appreciably  decreased 
if  a  complete  180°  turn  must  be  made. 

There  is  only  one  part  of  the  maneuver  in  which  a  gain 
can  be  made,  namely,  the  take-off  itself.  The  pilot  should 
so  “play  his  field  ”  on  the  take-off  that  a  complete  half  turn 
will  not  be  necessary. 


O  =  Angle  of  flight  path  with  horizontal. 

A  =  Area  of  wings  in  square  feet. 
d  =  Density  of  air  in  pounds  per  cubic  foot. 

Ky  =  Lift  coefficient  of  whole  airplane  (absolute). 
Kx  =  Drag  coefficient  of  whole  airplane  (absolute), 
r  =  RadAis  of  turn  in  feet. 

s 

L  =  Total  lift  in  pounds. 

D  =  Total  drag  in  pounds. 

\V  =  Total  weight  of  airplane  in  pounds. 

ANALYTICAL  SOLUTION. 


DISCUSSION  OF  METHODS  USED. 

In  the  solution  of  this  problem,  recourse  was  had  to  both 
theory  and  experiment.  Briefly,  the  method  of  attack 
was  as  follows:  The  minimum  altitude  lost  in  the  turn,  and 
the  best  combination  of  air  speed,  angle  of  bank,  and 
radius  of  turn  to  give  this  minimum  were  computed  from 


Figure  1  shows  the  forces  acting  on  an  airplane  in  a 
gliding  turn.  The  drag  D  is  balanced  by  the  component 
of  the  weight  in  the  direction  of  the  flight  path  \Y  sin  O. 
The  resultant,  R,  of  the  lift,  L,  and  the  component  of  the 
weight  perpendicular  to  the  flight  path,  may  be  considered 
as  an  unbalanced  force  producing  an  acceleration  toward 
the  center  of  the  turn. 


5409  22 


(3) 


Digitized  by  VjOOQie 


4 


The  following  relations  are  apparent  from  the  figure: 
(i)  sin  e=\yv 
(  2)  D=W  sin  9 
(3)  cos-0=R- 


(I)  WsinO=Kx  AV* 

S 

W2  V4  H- 

(  5)  W2  cos-'  D+  ^  ^2  =  Ky2<r2  A-V4 


(0)  v„= 


g2  r2 
Kx  d  A  V* 

S 


Fombining  (4)  and  (5),  and  dividing  by  V4,  gives 

K, 

ff* 


Kx-  d-  A-  W  „  d-  ... 
(7)  -f  =  Kv-  —  A* 

g-  tan-  H  g2  r-  *  g- 


or 

(S) 


r  r-  •  g- 
II  =  t  r  tan  0. 


H2 

tan2  0= 

v2  r2 


For  simplification,  the  following  notation  is  introduced: 
a=(d  A  tt)2 
b=(d  A)2 
c=  W2 

Equation  (10)  becomes 

u  K  2  r4 


(H) 

differentiating 

(12i 

io  5H2 

(13) 


IF= 


6  Ky2  /•-  —  v 


5H2 _  4  (i(br'2ky2  -c)  K  x V  —  2  abr5kx2ky2  _ 

5 r  ~  ( br2ky2—c )2  — 

F _ 2  a(br2ky2-c)Ax-2ab/‘k^  _ 

6KX  ( br2ky2  —  c )-  — 

Combining  (12)  and  (13;,  and  simplifying 

(14)  r‘( I*;/2  —  hjcyh/ )  —  r-’Fr  2 — r —  2  ^ I\r = 0 . 

Neglecting/*2  jfcr  l*?/2  and  2  c.  for,  which  are  relatively  small, 
b 

and  solving  for  r,  we  have 

. _,Y=.  w 


(151  r- 


\b(ky2—kx  hj  hi/)/  dA  (Kv2— kx  Icy  ki/)h 


substituting  in  (7) 

K  2  d2  A2  t2  rJ 


(0 


(10) 


,  f/» 


IF 


=  k  a2-  ; 

*  r  y2 


W2 


...,_K\2  z/2  A2  it2  r4 
1  ~Ky2  r/2  A2  r2  —  W2 


For  a  given  airplane.  Hying  in  a  given  density,  d ,  A  and 
W  are  constant.  The  variables  entering  into  equation  ( 10; 
are  therefore  r,  Kx  and  Ky.  Of  these  three,  r  and  Kx 
may  be  taken  as  independent  variables,  Ky  being  con* 
sidered  as  a  function  of  Kx.  In  order  that  II  may  be  a 
minimum  it  is  only  necessary  that 
5 II 

Si¬ 
am  1 


=0 


A  solution  of  these  two  equations  simultaneously  will 
therefore  give  the  radius  of  turn  at  which  the  least  altitude 
will  be  lost  as  well  as  the  best  angle  of  incidence  at  which 
to  fly  during  the  turn. 


Substituting  in  (10 >,  and  simplifying 

(lfi)  ]p_=7ri^“  .  __ 

1  11  (PA 2  ( h  by'  hf  -  kr2ky2b/2 ) 

This  equation  is  of  interest,  as  it  brings  out  the  fact  that 

for  a  given  combination  of  airplane  coefficients,  the 

altitude  lost  in  a  1S0°  turn  is  directly  pro}>ort ional  to  the 

wing  loading  and  inversely  proportional  to  the  density. 

Differentiating  with  respect  to  Kx,  equating  to  0,  and 

simplifying,  we  have 

(17 )  Kv%'-3  kx  ky2ky/2-{-2  kx2ky  h/*~kx  hfky" 

+2  kx2ky2ky/ky// — 0 . 

We  will  now  assume  that  ky  can  be  expressed  as  a  function 
of  kx,  of  the  form 


( J8) 


K  v = ci  -f-  b  kx  -f-  c  kx~ 


While  such  an  expression  will  not  hold  true  over  the  whole 
range  of  values  of  Kx,  it  will  approximate  the  curve  very 
closely  over  the  range  where  the  minimum  value  of  H 

occurs. 

Differentiating  (IS , 

(19  )  ky'=b  +  2  c  Kx 


(20, 


-2  c. 
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>  u  instituting  ( 18),  (19),  and  (20)  in  (17)  and  collecting  terms. 

(21)  12  t*kx7+2R  6c3^+(16  b*c*+S  nc3)  ***+(3  63c+3  abc 2) 
hi*  — (A  «62c-f  4  a2<?)kx?  — (ab3+oa2bc)kx2-{-a3b=0 

In  this  equation  the  constants  a,  b ,  and  c  can  be  found  for 
any  airplane  whose  lift-drag  curve  is  known,  and  the  equa¬ 
tion  can  be  solved  for  kx.  This  value  of  kx  can  then  be 
substituted  in  equation  (16)  and  the  minimum  value  of 
II  can  be  found. 

For  example,  in  the  case  of  the  I  >11-4 

-.186 
b=  15.27 
c=— 84.4 

Substituting  these  values  in  equation  (21)  and  solving,  we 
find 

K*=.07 

which  can  be  substituted  in  equation  (16),  giving  a  value 
of  11  =  260  feet. 

A  correction  must  now  be  made  for  the  conditions  at  the 
beginning  and  end  of  the  maneuver. 


The  recovery. — It  has  been  found  that  the  excess  speed 
in  the  turn,  which  is  usually  from  15  to  20  miles  per  hour, 
can  be  used  in  coming  out  of  the  bank  without  loss  in 
altitude.  It  is  only  necessary,  then,  to  allow  an  altitude 
above  the  ground  equal  to  one-half  the  span  of  the  air¬ 
plane  in  order  to  allow  the  lower  wing  to  clear  the  ground. 
The  average  correction  will  be  about  12  per  cent  of  the 
total  altitude. 

A  further  arbitrary  addition  of  10  per  cent  will  be  added 
as  a  safety  factor  to  allow  for  inaccuracies  in  piloting, 
making  a  total  correction  of  32  per  cent. 

With  this  correction  the  value  6f  II  for  the  DII-4  is  343 
feet. 

At  first  sight  this  method  of  correcting  for  conditions  at 
the  beginning  and  end  of  the  maneuver  may  seem  very 
approximate,  but  allowing  an  error  as  large  as  25  per  cent 
jn  each  of  the  corrections,  the  probable  error  in  the  total 
altitude  from  this  cause  will  be  less  than  5  per  cent,  which 
means  an  average  error  in  altitude  of  only  15  feet.  The 
final  test  of  any  assumption  is  the  accuracy  of  the  results 
which  it  gives,  and  except  in  the  case  of  the  Thomas  Morse, 


Fui.  2.  Lateral  control,  X1U-A.  Showing  angular  velocities  and  accelerations  during  a  bank  of  4f>  degrees. 


The  shirt.  Immediately  after  the  failure  of  the  engine 
there  is  an  interval  during  which  the  pilot  must  nose  over 
to  prevent-  stalling.  During  this  time  there  is  always  a 
drop  in  air  speed,  which  varies  with  the  alertness  of  the 
pilot  and  the  characteristics  of  the?  airplane.  Tests  were 
made  to  determine  this  drop  in  air  speed  under  conditions 
simulating  sudden  engine  failure,  and  the  average  drop 
for  the  I > II  4  and  the  XB1  A  was  5  miles  per  hour. 
The  altitude  lost  in  regaining  this  speed  w*as  computed  as 
I  I  feet  for  the  Dll  1,  or  5  per  cent  of  the  total  altitude. 

In  banking,  then*  is  a  further  loss  of  altitude.  The  time 
of  bank  from  0  to  45°  was  computed  for  the  XIU-A  by 
the  method  of  step-by-step  integration,  using  a  computed 
lateral  radius  of  gyration  of  5.5  feet.  The  curves  of  angular 
velocity  and  angular  acceleration  are  shown  in  Fig.  2- 
The  computation  gave  0.96  second  to  45°,  while  a  rough 
measurement  in  flight  gave  1.1  seconds.  Half  of  this  time 
may  be  considered  as  not.  producing  any  turning.  The 
total  time  for  tin*  turn  being  11  seconds,  the  loss  is  5  per 
cent  of  tl...  total. 
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as  noted  above,  the  agreement  with  the  results  of  ah  tua 
tests  has  been  very  close. 

The  above  method  is  perfectly  general,  and  can  be 
applied  to  any  airplane  whose  weight,  wing  area,  and  lift- 
drag  curve  are  known.  It  is,  however,  very  laborious,  as 
it  involves  the  solution  of  a  seventh-degree  equation.  The 
following  graphical  method,  while  not  as  general,  is  much 
more  easily  applied  and  can  be  used  for  types  equipped 
with  It.  A.  F.  15  or  sections  of  approximately  similar 
characteristics. 

GRAPHICAL  SOLUTION. 

Equation  (18),  between  lift  and  drag  coellicients  will  he 
used  as  the  basis  of  the  graphical  solution: 

(18)  ky=a+b  kx-\-c  kx2 

For  the  DTI -4 

(22)  /•//  =  -  .1S6-|  15.27  /-r-84.4  tv- 
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A  plot  of  this  equation  is  shown  in  Fig.  3.  It  will  be 
noted  that  the  agreement  with  the  experimental  results  is 
very  good,  except  in  the  region  of  maximum  ley .  At 
kx=.07,  where  the  minimum  value  of  H  occurs,  the 
empirical  curve  agrees  in  slope  and  location  with  the  actual 
curve. 

For  any  other  given  type  equipped  with  R.  A.  F.  15 
section  it  is  assumed  that  the  difference  between  its  drag 
and  the  drag  of  the  DH-4  is  a  constant  for  all  values  of  ky} 
that  is,  • 

(23)  li=l;x+K 

(Subscripts  refer  to  any  given  type  other  than  DH-4.) 


The  value  of  K  depends  upon  the  parasite  areas  of  the 
two  types. 

(29)  K=0.64  [(£)  -(£)] 

Ae= equivalent  flat  plate  area  of  parasite  resist¬ 
ance. 

For  the  DU-4, 

Ae=14 
A  =440 


Information  is  available  on  the  equivalent  parasite  area 
of  most  types  which  have  been  flight-tested  at  McCook 
Field.  It  is  more  convenient,  however,  to  use  fineness 


Equation  (IS)  will  lx*  of  the  form: 

(21)  L’n  — d/-\-b /  I’Xf  -f  r/  k-r/~ 

Substituting  <  23)  in  1 2 1  > 

( 23  1  l- a  a,  I  h,  I:  r  |  h,  K  4/7  K r*  f  2 r,  Ki  r  -f-O  K’ 

Combining  i  IS)  and  (25),  and  equating  eoollicients  of 
like  powers  of  /r, 

(2f>)  <i/—u  —  l> K  |-r K ’ 

(27)  6/=6  —  2<  K 
(2S)  c/—c 


as  a  parameter,  fineness  being  a  function  of  ^  •  The  fol- 

A  (* 

lowing  table  gives  the  values  of  ^  >  K.jind  the  coefficients 
of  eq nation  (21),  for  various  values  of  fineness: 


TABLK  2. 

i 

Tininess. 

A*  1 
A 

| 

k 

n, 

U, 

1 . 

•10 . 

.O.VI  1 

.01  MU 

- .  :>7.vi 

17.23 

-M.4 

100.  . 

. 

j 

.000.'*  12 

-.  M.US 

1  .V»» 

-M.4 

MO 

.022.*> 

— .  oo.'*o:> 

— .  OOSO 

11.27 

-S4.-1 

IJo . 

.01  A)  i 

l 

— .  01U.V» 

— .  (KM3 

13.  41 

—  S4.  1 

Digitized  by 


8 


Fig.  4  shows  polar  diagrams  for  various  finenesses.  It 
is  realized  that  these  curves  are  approximations,  since 
they  are  based  on  the  assumption  of  equation  (23). 

This  same  method  of  attack  has,  however,  been  used  in 
the  Kerber  method  of  performance  prediction,1  and  has 
given  excellent  results.  A  report  containing  a  complete 
discussion  of  the  relation  between  fineness  and  parasite 
area,  and  of  the  method  of  determination  of  fineness  with 
any  air  foil  is  now  being  prepared  by  Mr.  Kerber,  and  will 
be  published  within  a  short  time. 

The  relation  between  fineness  and  £  is  shown  in  Fig.  5. 
From  equation  (16), 

U=W _  K. 

d  A  Ky(fcc  ky  fof  —  Kx-K/-)> 

Assuming  standard  density  of  0.0761  pounds  per  square  foot, 

(30)  H=41.2^/ 

where 

_ 

*  Ky  (kx  ky  hi/  —  Kx2kv/2)* 


Sin  d  g\i 
K xd  ) 


Equation  (30)  may  be  plottqd  with  II  and  /  as  coordi- 
W 

nates  and  £  as  a  parameter,  giving  a  series  of  radiating 

straight  lines,  as  shown  symbolically  in  Figure  6.  Section 
(2)  of  Figure  10  is  plotted  in  this  manner. 


or 


(33) 


v-'J'r 


Fig.  f>. 


Rewriting  equation  (15), 


W 


(31 ) 

where 


~d  A(  KyJ  —  K x  ky  ky' )  \ 


f=(Ky--kx  ky  ky') 
Combining  equations  (30),  (31),  and  (S), 


where 


which  may  be  plotted  as  shown  in  Figure  8. 
(See  section  6  of  fig.  10.) 


Fig.  s. 


hot  //—angle  of  bank 

(31)  tan//  — ^ 

gr 


(32)  H  =  r  ff' 

which  may  be  plotted  as  shown  in  Figure  7. 
(See  section  (4)  of  chart  on  page  10.) 

i  Sec  Air  Service  Information  Circular,  Vol.  II,  No.  1*3. 


(Actually,  Vh2  should  be  used,  but  the  slight  increase 
1  in  accuracy  does  not  justify  the  added  complication.) 
Substituting  (31)  and  (33)  in  (34), 

(33)  tan  »/ =  .00237 
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The  quantities /,  /',  and  f"  are  functions  of  the  lift  and 
drag  coefficients.  In  Table  2,  fineness  has  also  been  shown 
to  be  a  function  of  these  coefficients.  That  is: 

/"=/,( KX,KV> 

(R^  Ky, 

^  ~J 3  (  ^y  1 

We  have  here  three  equations  in  five  variables.  An 
elimination  of  any  two  would  give  one  equation  in  three 
variables.  For  example,  an  elimination  of  Kx  and  Ky 
would  give  a  relation  bet  ween  F,  j'j”1  and  /",  which  could 
l»e  plotted  as  shown  in  Figure  9. 

Section  5  of  Figure  10  is  obtained  in  this  manner,  except 
that  the  abscissae  are  angles  of  bank  instead  of  values  of 
the  function  /'  f"2.  This  same  line  of  reasoning  applies 
to  sectious  ( l )  and  (3 ). 

It  will  be  noted  that  plotting  by  this  method  would  be 
an  extremely  complicated  process,  owing  to  fact  that  no 
simple  analytical  expression  can  be  found  for  the  relation¬ 
ship  of  Figure  9.  In  the  actual  construction  of  the  chart, 
the  computations  were  greatly  simplified  by  reversing  the 
process.  For  each  fineness,  values  of  Ky  were  computed 
for  various  values  of  Kx,  by  use  of  equation  (24  )  and  Table 
2.  The  functions /,/',  etc.,  were  then  computed  for  these 
values  of  the  coefficients,  and  corresponding  values  of 
II ,  r,  and  V  were  found. 


In  using  the  chart,  it  is  only  necessary  to  know  the  wing 
loading  and  the  fineness.  If  the  fineness  is  not  known,  it 
can  be  found  from  the  high  speed  of  the  airplane,  as  out¬ 
lined  in  Air  Service  Information  Circular,  Vol.  II,  No.  183, 


Fig.  9. 


or,  if  the  parasite  resistance  is  known,  fineness  can  be 
found  by  use  of  Figure  5.  Knowing  the  fineness  and  wing 
loading,  and  assuming  an  angle  of  bank  (45  degrees  will 
give  best  results),  H,  r,  and  V  can  be  found  as  shown  by 
the  dotted  example  line. 
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